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ABSTRACT 


Noise  measurements  were  made  on  one  silicon  and  three  germanium  com¬ 
mercially  available  tunnel  diodes  over  a  bias  range  from  zero  voltage  to  a 
voltage  slightly  beyond  the  valley  point,  and  at  three  temperature  s -- 203  K, 
290  K,  and  373  K.  The  study  was  divided  into  two  parts,  one  concerned  with, 
frequency-dependent  noise  and  the  other  with  frequency-independent  noise. 

Frequency-dependent  noise  was  measured  in  the  range  1  kc  to  500  kc,  and 
was  found  to  increase  with  increasing  bias  voltage  for  each  sample.  The 
observed  noise  at  each  bias  point  varied  nearly  inversely  as  the  frequency 
to  some  power  x,  where  x  ranged  from  0.46  to  1.2.  This  component  of 
noise  appears  to  be  caused  by  two  or  more  separate  components  of  the 
"excess  current"  present,  as  well  as  the  normal  diode  component  of  cur¬ 
rent.  For  some  tunnel  diodes  at  the  higher  bias  voltages,  frequency- 
dependent  noise  may  be  greater  than  the  normal  shot  noise  at  frequencies 
as  high  as  50  Me. 

Frequency-independent  noise  was  measured  at  30  Me  at  room  .''i'-nperature. 
It  was  found  that  the  equivalent  shot-noise  current  of  a  tunnel  dioue  at  volt¬ 
ages  above  the  peak-point  voltage  is  given  very  closely  by  the  observed 
direct  current.  From  zero  voltage  to  the  peak-point  voltage,  the  equivalent 
shot-noise  current  of  a  tunnel  diode  is  approximated  by  the  sum  of  the 
magnitudes  of  the  Esaki  and  Zener  currents. 
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CHAPTER  I 


INTRODUCTION  AND  SUMMARY  OF  RESULTS 

A.  OBJECT  OF  THE  STUDY 

In  order  to  determine  whether  the  tunnel  diode  will  be  useful  in  low- 
noise  preamplifiers,  frequency  converters  and  mixers,  more  complete  infor¬ 
mation  than  is  available  in  the  literature  is  required  on  the  noise  sources 
present  in  the  device. 

The  object  of  the  present  work  is  to  measure  the  intensity  of  the  equiv¬ 
alent  shunt  noise -current  generator  for  a  number  of  commercially  available 
tunnel  diodes  over  a  wide  range  of  bias,  frequency,  and  temperature,  and 
to  interpret  the  results  in  terms  of  noise  sources  present  in  the  diodes. 

B.  MEASURED  NOISE  IN  SOME  TUNNEL  DIODES 

Measurements  were  made  on  four  tunnd  diodes:  one  Hoffman  silicon 
tunnel  diode.  Type  1N2929,  of  1-ma  peak  current,  and  three  General  Electric 
germanium  tunnel  diode s ,  Types  JN2939,  1N2969,  and  1N2941,  of  1-,  2.2-, 
and  4.  7-ma  peak  currents,  respectively.  These  four  were  chosen  in  an 
effort  to  obtain  a  reasonable  sample  of  commercially  available  tunnel  diodes. 

The  measurements  were  made  at  three  temperatures,  203  K,  290  K, 
and  373  K,  and  covered  a  frequency  range  from  1  kc  to  500  kc.  Noise  was 
also  measured  at  30  Me  at  room  temperature.  The  bias  range  of  interest 
extended  from  zero  voltage  to  voltages  slightly  beyond  the  valley  voltage. 

The  more  important  results' of  the  study  are  as  follows. 

1 .  Frequency- Dependent  Noise 

At  low  frequencies,  considerable  l/f  noise  was  found  to  be  present 
in  all  four  diodes.  Figure  la  shows  the  d-c  characteristic  and  Figs,  lb 
and  Ic  illustrate  the  magnitude  of  the  noise  measured  in  the  2.  2-ma 
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Fig.  1  Characteristics  at  290  K  of  2.2 -ma  Ge 
Tunnel  Diode  Type  1  N2969  (No.  1) 
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germanium  sample  at  room  temperature,  290  K.  The  equivalent  shot-noise 

current  I  represents  the  direct  current  in  an  emission-saturated  diode 
eq  ^ 

generating  a  shot  noise  current  equal  to  the  observed  noise  current,  where 

I  is  defined  by  the  equation 
eq 


=  2  q  I  Af 
^  eq 


(1) 


In  eq.  1,  i^  is  the  mean-square  noise-current  generator  in  shunt  with  the 
tunnel  diode  at  the  frequency,  temperature,  and  bias  of  the  measurement, 
q  is  the  electronic  charge,  and  Af  is  the  bandwidth  of  the  noise  measured. 

From  Fig.  lb  it  can  be  seen  that  low-frequency  noise  in  tunnel  diodes 
increases  rapidly  with  increasing  bias  voltages,  and  Fig.  Ic  indicates  that 
the  noise  varies  roughly  in  proportion  to  l/f  .  At  the  higher  bias  voltages, 
the  noise  may  be  so  large  that  a  frequency  dependent  component  may  be 
present  that  is  greater  than  the  normal  shot-noise  component  to  frequencies 
as  high  as  50  Me. 

Figure  2  shows  1-kc  noise  in  all  four  diodes,  and  also  in  a  second 
sample  of  the  2.  2-ma  diode  Type  1N2969,  as  a  function  of  forward  current, 
and  suggests  that  no  general  statements  can  be  made  about  the  magnitude 
of  low-frequency  noise  to  be  expected  from  a  diode  of  given  peak-current 
rating.  In  addition,  the  noise  does  not  va.ry  directly  as  the  square  of  the 
forward  current,  indicating  that  more  than  one  source  is  responsible  for 
the  observed  noise. 

The  approximate  l/f  frequency  variation  indicated  in  Fig.  Ic  is  not 
characteristic  of  all  the  diodes.  However,  at  a  particular  bias  voltage, 
the  low-frequency  noise  in  all  samples  was  found  to  vary  nearly  inversely 
as  the  frequency  to  some  power  x.  The  value  of  x  varies  over  a  considerable 
range  with  bias  voltage  and  temperature.  Values  as  low  as  0.46  and  as 
high  as  1.  2  were  noted. 

In  the  work  of  Yajima  and  Esaki,  ^  it  was  suggested  that  two  low- 
frequency  noise-current  generators  were  present  in  the  tunnel  diode,  one 
proportional  to  the  square  of  the  normal  diode  current  component,  and  one 
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proportional  to  the  square  of  the  "excess"  current  component.  The  results 
of  the  present  study  suggest  that  this  statement  may  be  an  oversimplification. 
The  variation  of  the  factor  x  as  described  above,  and  the  variation  of  the 
l/f  noise  with  bias  in  the  excess -current  region  indicate  that  two  or  more 
separate  components  of  the  excess  current,  as  well  as  the  diode  current 
component,  contribute  to  the  observed  noise.  This  observation  in  turn  sug¬ 
gests  that  the  excess  current  itself  may  be  caused  by  more  than  one 
physical  phenornen 

2.  Frequency- Independent  Noise 


At  high  frequencies,  the  l/f  noise  becomes  negligible  and  the  pre¬ 
dominant  noise -current  source  in  tunnel  diodes  is  the  shot  effect.  Measure- 

2 

ments  by  Tiemann  have  shown  that  at  high  frequencies  and  in  the  negative - 
resistance  region  tunnel  diodes  produce  full  shot  noise;  that  is,  is  equal 

to  the  direct  current  at  the  bias  point.  It  is  supposed  that  this  result  can  be 
extended  to  other  bias  regions  if  the  negative  Zener  current  is  sep¬ 

arated  from  the  positive  Esaki,  excess,  and  diode  current  components,  1^,, 
and  respectively.  Thus,  if 


Me 


=  It 


+  I  +  I  , 
ex  d 


(2) 


is  the  diode  direct  current,  it  is  supposed  that 


I  =  I-P  +  I  +  I ,  +  1,7 
eq  E  ex  d  Z 


(3) 


Measurements  made  at  30  Me  and  290  K  indicate  that,  for  all  four 
tunnel-diode  samples,  Eq.  3  is  an  excellent  approximation.  An  example 
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of  the  agreement  obtained  is  shown  by  data  for  the  1-ma  germanium  diode, 
Type  1N2939,  plotted  in  Fig.  3.  The  small  circles  represent  experimental 
values  of  I  and  the  solid  line  is  a  plot  of  Eq.  3  obtained  from  the  direct 
current  values  and  values  of  calculated  by  a  method  given  by  Pucel. 

The  dashed  line  representing  is  added  for  comparison. 


1 _ I _ I _ . _ 1 _ I _ I _ I _ I _ 1 _ I 

0  0.1  0.2  0.3  0.4  0.5 
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Fig.  3  Comparison  of  Calculated  and  Measured  Equivalent  Shot -Noise  Current 
at  30  Me  ond  290  K  for  1-ma  Ge  Tunnel  Diode  Type  1  N2939 
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A  description  of  the  method  is  given  in  Chapter  III. 


CHAPTER  II 


MEASUREMENT  PROCEDURE 


A.  LOW-FREQUENCY  NOISE  MEASUREMENTS 

The  equivalent  noise -current  generator  in  shunt  with  a  tunnel  diode 
can  be  determined  indirectly  by  connecting  the  diode  as  a  low-gain  amplifier 
and  measuring  its  noise  figure.  The  circuit  diagram  for  noise  measurements 
between  1  kc  and  500  kc  is  shown  in  Fig.  4. 

The  experimental  procedure  is  as  follows;  With  the  t’lnnel  diode  ■  on- 
nected  as  shown,  and  the  conductance  G  set  at  some  convenient  value  Gj 
which  prevents  the  circuit  from  oscillating,  note  the  voltage  indicated 

on  the  true-rms  voltmeter.  Connect  the  signal  generator  to  the  circuit. 


Fig.  4  Circuit  for  Low*  Frequency  Noise  Meosurements 


and  set  its  output  to  some  convenient  value  well  above  the  noise.  Remove 
the  tunnel  diode  and  adjust  the  conductance  G  to  some  value  G2  for  which 
the  voltmeter  reading  is  the  same  as  it  was  before.  This  procedure  assures 
that  the  impedance  seen  by  the  amplifier  at  its  input  is  the  same  as  it  was 
for  the  first  measurement.  With  the  signal  generator  disconnected,  note  the 
voltage  Y 2  of  voltmeter  and  measure  the  noise  figure,  F^  .  of  the 
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circuit.  The  internal  conductance  of  the  noise  generator  is  Gq  for  both 

measurements.  _ 

2 

From  the  two  measurements,  the  equivalent  noise  generator  i^  in 
parallel  with  the  tunnel  diode  in  a  narrow  bandwidth  Af  at  the  frequency, 
temperature,  and  bias  of  the  measurement  can  be  calculated.  Figures  5 
and  6  are  the  equivalent  circuits  of  the  amplifier  input  for  the  first  and  second 
measurements  respectively.  In  the  figures,  G,  is  the  small-signal  conductance 


I - 1 


VIDEO  AMPLIFIER 

Fig.  5  Noise  Equivalent  Circuit  at  Input  of  Video  Amplifier 
with  Tunnel  Diode  Connected 
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Fig.  6  Noise  Equivalent  Circuit  ot  Input  of  Video  Amplifier 
with  Tunnel  Diode  Removed 


of  the  tunnel  diode  at  the  bias  voltage  of  the  measurement,  G-  is  the  input 

~Z  .Z  ~Z 

conductance  of  the  amplifier,  and  i„  ,  i„  ,  and  i_  are  the  mean- 

Gq  Gj  G^ 

square  thermal-noise  currents  associated  with  the  conductances  Gq  ,  G^  , 
and  G^  respectively.  Thus  ^ 


4  kT  Af  Gq 


(4) 


,2 

^G 


1 


=  4  kT  Af  Gj 


(5) 


8 


9 


.2 


2 


4  kT  Af 


(6) 


where  k  is  Boltzmann's  constant,  and  T  is  the  absolute  temperature  of 

the  conductances  (290  K  for  all  measurements).  The  amplifier  noise  is 

represented  by  an  equivalent  noise-current  genera.tor  at  its  input  terminals 

of  mean  -square  value  i^  , 

^  ex 

For  the  fii  st  measurement, 


^4 


0 


c 


(7) 


where  is  some  constant  dependent  on  the  amplifier  gain  and  the  total 

admittance  at  the  amplifier's  input.  For  the  second  measurement 


•  2  , 
+  1  ■  ) 
ex 


(8) 


(9) 


and  the  values  of  and  i^^  are  unaltered  because  the  method  of  setting 

assures  that  the  total  input  admittance  is  not  changed.  From  Eqs.  7 
and  8 , 


.2 

^d 


.2 
-I  1 


ex 


.2 
+  1 


ex 


) 


(10) 


Substituting  Eqs.  4,  5,  6,  and  9  into  Eq.  10  yields 
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If  I  is  defined  as  the  equivalent  shot-noise  current  of  the  tunnel  diode 
eq 

given  by 


Equation  11  becomes 


2  kT  G 


0 


q 


«  50  G 


0 


^2  + 


Equr.'.ioi"  13  holds  regardless  of  the  tunnel-diode  temperature. 

Measurements  were  made  at  dry-ice  temperature,  203  K,  room  tem¬ 
perature,  290  K,  and  373  K.  To  maintain  the  diodes  at  dry-ice  temperature, 
the  samples  and  their  mount  were  placed  with  some  dry  ice  in  a  flask  of 
alcohol.  A  temperature-controlled  oven  was  used  for  noise  measurements 
of  the  samples  at  373  K. 

The  oscillation-damping  mount  used  for  the  tunnel  diodes  was  taken 
from  a  Texas  Instruments  Model  530  Tunnel  Diode  Curve  Tracer.  It  con¬ 
sists  of  a  series  resistance  and  capacitance  placed  directly  across  the  tunnel 
diode  terminals.  The  value  of  the  capacitance  is  such  that  even  at  the 
highest  frequency  of  measurem.ent,  500  kc,  its  impedance  is  high  enough 
to  make  the  effect  of  the  mount  on  the  noise  measurements  negligible. 

B.  HIGH-FREQUENCY  NOISE  MEASUREMENTS 

The  equivalent  noise -current  generator  in  shunt  with  the  tunnel  diodes 
was  measured  at' 30  Me  by  a  similar  method  to  that  used  at  low  frequencies. 
The  circuit  diagram  is  shown  in  Fig.  7. 
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Fig.  7  Circuit  for  30-Mc  Noise  Measurements 


The  procedure  of  measurement  at  30  Me  is  the  same  as  that  at  low 

frequencies,  except  that  the  tuned  circuit  must  be  retuned  before  each 

measurement  to  coirect  for  the  effect  of  tunnel-diode  capacitance.  The 

equivalent  shot-noise  current  is  again  given  by  Eq.  13. 

Measurements  were  made  only  at  room  temperature  because  oscillation 

of  the  tunnel-diode  circuit  was  caused  by  the  long  connecting  cable  required 

between  the  noise-measuring  equipment  and  the  temperature-controlling 

equipment.  The  oscillation-damping  network  shown  in  Fig.  7  consists  of  a 

series  resistance  of  ZZ  ohms  and  a  variable  capacitor  of  7  to  45  mmf  placed 

directly  across  the  diode  terminals.  The  method  of  calculating  the  values 

4 

required  was  that  of  Davidsohn  et  al.  The  value  of  capacitance  must  be 
such  that  the  noise  contribution  to  the  circuit  of  the  ZZ-ohm  resistor  is 
negligible  with  respect  to  that  of  the  diode  at  30  Me.  For  this  reason,  a 
much  smaller  value  of  capacitance  than  that  used  for  the  low-frequency 
measurements  was  required.  This  resulted  in  insufficient  damping  when 
long  connecting  cables  were  used,  and  the  diodes  oscillated. 

C.  DISCUSSION  OF  ERRORS 

The  method  of  noise  measurement  employed  has  the  advantage  of 
tending  to  reduce  the  effect  of  inaccuracies  in  some  of  the  measuring  equip¬ 
ment.  Consider  Eq.  13  rewritten  in  a  slightly  different  manner. 


12 


50 


Gq  +  50  -  50  ma. 


(14) 


The  accuracy  of  I  is  to  a  large  part  determined  by  the  accuracy  of 
2  ^  ^ 

the  factor  (V^/V2)  -1  •  The  ratio  2.  be  more  accurate  than 

either  or  taken  alone  if  some  of  the  error  in  V  appears  propor¬ 

tionally  in  V2-  For  best  accuracy,  the  ratio  ^  i/^ ^  J^^st  be  much  greater 
than  unity.  But  ^1/^2  large  only  if  the  product  GqF2  is  small. 

Thus,  an  amplifier  with  as  low  a  noise  figure  as  possible  and  a  value  of  Gq 
as  small  as  possible  (consistent  with  low  over -all  noise  figure)  should  be 
used. 

The  value  of  I  can  also  be  determined  by  measuring  the  over -all 

eq 

system  noise  figure  F^  instead  of  V in  the  first  step  of  the  measure¬ 
ment.  The  equivalent  noise  current  is  then  given  by 


'eq  =  50  Go 


^2  + 


ma 


(15) 


However,  the  many  more  operations,  associated  with  measuring  F,  and  F, 
rather  than  this  method  more  time  consuming. 

Also,  the  upper  limit  on  F^  of  20  db  set  by  the  noise  generator  restricts 
the  range  of  ,  and  the  fact  that  the  true-rms  voltmeter  is  more  accurately 
calibrated  than  the  noise  generator  makes  the  error  of  the  measurement 
associated  with  Eq.  14  smaller  than  that  of  the  measurement  associated 
with  Eq.  15. 

Any  small  stray  reactance  present  in  the  circuit,  if  it  is  the  same  for 
the  measurement  of  as  for  that  of  ,  will  appear  chiefly  in  the  value 

of  in  Eqs.  7  and  8.  Thus,  its  effect  on  the  accuracy  of  I  ^  is  minimized. 


CHAPTER  III 


DISCUSSION  OF  RESULTS 


A.  TUNNEL-DIODE  CURRENT  MECHANISMS 

Figure  8  shov/s  a  typical  current-voltage  characteristic  of  a  tunnel 
diode.  A  knowledge  of  the  carrier -transport  phenomena  that  combine  to 
form  the  observed  characteristic  is  required  if  the  experimental  noise  data 
are  to  be  interpreted  in  terms  of  noise  sources  within  the  device. 

In  the  large-forward-voltage  range,  the  observed  curve  is  due  to 
electron  and  hole  diffusion  in  the  forward  direction,  and  drift  currents  in 
the  reverse  direction.  This  component  of  current,  I^  ,  can  be  determined 
by  accurately  measuring  current  and  voltage  in  the  tunnel  diode  at  high  for¬ 
ward  voltage,  and  applying  the  usual  diode  current-voltage  relation 


(16) 


where  q  is  the  electronic  charge,  k  is  Boltzmann's  constant,  T  is  the 

absolute  temperature,  I  is  a  constant,  and  V  is  the  barrier  voltage. 

s 

The  voltage  drop  in  the  diode  spreading  resistance  must  be  subtracted  from 
the  measured  voltage  to  obtain  V. 


Fig.  8  Typical  Tunnel -Diode  V-l  Characteristics 
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Large  current  in  the  reverse  direction  and  a  current  peak  in  the  for¬ 
ward  direction  can  be  attributed^  to  the  forward-directed  Esaki  current  1^ 
and  the  reverse -directed  Zener  current  I„  .  The  magnitudes  of  these  two 
currents  have  not  been  accurately  predicted  by  present  theory.  However, 
between  zero  voltage  and  the  voltage  at  the  peak  current,  the  two  components 
can  be  calculated  from  the  observed  d-c  characteristic  quite  closely  by 
using  a  method  suggested  by  Pucel.  If  I  is  the  observed  current,  then  the 
Esaki  and  Zener  current  components  at  some  voltage  V  are  given  by 


(17) 


.qv/kT_j 


(18) 


This  method  is  not  applicable  at  bias  voltages  above  approximately  the  peak- 
point  voltage  because  the  current  then  contains  components  in  addition  to 

^Z  ■ 

If  a  parabolic  band  structure  is  assumed  for  the  tunnel  diode,  1^,  and 
can  be  predicted,  but  a  d-c  characteristic  obtained  using  these  values 
does  not  agree  with  observed  values  of  total  current.  The  difference 
between  the  observed  current  and  the  algebraic  sum  of  the  calculated  Esaki, 
Zener  and  diode  current  components  has  been  called  the  excess  current, 

,  and  is  generally  believed  to  be  due  to  carrier  tunneling  to  intermediate 
states  followed  by  recombination.  This  excess-current  component,  along 
with  the  diode  component,  are  thought  to  be  almost  entirely  responsible  for 
l/f  noise  in  the  device.  ^ 

B.  l/f  NOISE  IN  TUNNEL  DIODES 

In  1958,  as  a  method  of  learning  more  about  the  excess -current  region 
of  the  tunnel-diode  current-voltage  characteristic,  an  experimental  study  of 
excess  noise  in  the  device  was  made  by  Yajima  and  Esaki.  It  was  found 
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that  a  l/f  noise  spectrum  existed  which  appeared  to  be  proportional  to  the 
excess  current. 

Figures  9  through  18  show  the  noise  observed  in  the  tunnel  diode 
samples  at  low  frequencies.  Figures  9  through  16  are  plots  of  observed 
noise  versus  frequency  and  observed  noise  versus  bias  voltage  for  each 
of  the  Type  1N2929,  1N2939.  1N9241,  and  1N2969  samples  at  temperatures 
cf  203  K,  290  K,  and  373  K.  Figure  17  shows  the  variation  of  observed 
noise  with  frequency  and  bias  voltage  for  a  second  sample  of  the  Type  1N2969 
2.  2-ma  tunnel  diode  at  room  temperature.  Figure  18  shows  the  variation 
of  observed  1 -kc  noise  with  forward  current  for  each  of  the  four  samples  at 
the  three  temperatures  203  K,  290  K,  and  373  K.  The  d-c  characteristics 
for  the  four  samples  at  the  three  temperatures  are  given  by  Figs.  19,  20, 

21,  and  22. 

Yajima^  assumed  that  there  are  two  l/f  noise -current  generators 
present  in  tunnel  diodes,  one  proportional  to  the  square  of  the  diode -current 
component  and  one  proportional  to  the  square  of  the  excess-current  com¬ 
ponent.  On  this  assumption,  the  following  approximate  equation  can  be  written 


I 

eq 


■^1  "d 
! 


+ 


2  ex 


(19) 


where  and  are  constants,  and  f  is  the  frequency  of  the  noise. 

An  attempt  to  fit  Eq.  19  to  the  measured  data  yields  widely  different 
values  of  Kj  and  for  the  different  diodes.  In  fact,  variation  of 

and  is  needed  even  from  region  to  region  of  a  single  diode.  However, 

it  can  be  said  in  general  that  is  much  greater  than  .  The  magnitude 

of  the  excess  noise  at  any  particular  bias  point  was  found  to  be  nearly 
inversely  proportional  to  its  frequency  to  some  power  x.  The  value  of  x 
varied  from  0.  46  to  1.  2,  and  was  in  general  large  at  the  higher  bias  voltages. 

These  observations  seem  to  suggest  that  Eq.  19  is  not  correct. 

Instead,  it  seems  reasonable  to  suppose  that  the  excess  current  is  made  up 
of  a  number  of  components  which  produce  excess  noise  inversely  proportional 
to  different  powers  of  frequency  and  at  different-intensities.  Since  the 


DIODE  TEMPERATURE  =  203  K  t  DIODE' TEMPERATURE  =  290  K  F  DIODE  TEMPERATURE  =  373  K 


Fig.  9  Low  -  Frequency  Noise  Frequency  for  1  •mo  Si  Tunnel  Diode  Type  1  N2929 
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BIAS  VOLTAGt  (VOLTS) 
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Fig.  11  Low*  Frequency  Noise  vs.  Frequency  for  1  -  mo  Ge  Tunnel  Diode  Type  1  N2939 
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.ow -  Frequency  Noise  vs.  Frequency  tor  4. 7 -mo  Ge  Tunnel  Diode  Type 
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Fig.  15  Low  -  Frequency  Noise  ^  Frequency  for  2.2 -mo  Ge  Tunnel  Diode  Type  1  N2969  (No.  1) 
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requency  Noise  at  290  K  for  2.2 -ma 
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Fig.  20  D-c  Characteristics  af  Ge  Tunnel  Diode  Type 
1  N2939  ot  203  <,  290  K,  and  373  K 
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Fig.  21  D-c  Characteristics  of  Ge  Tunnel  Diode  Type 
1  N2941  ot  203  K,  290  K,  and  373  K 


Fig.  22  D-c  Characteristics  of  Ge  Tunnel  Diode  Type 
1 N2969  (No.  1)  at  203  K,  290  K,  and  373  K 
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magnitude  of  the  excess  current  is  known  to  be  relatively  independent  of 
temperature,  ^  it  seems  necessary  to  assume  that  the  noise  associated 
with  the  different  components  of  excess  current  are  temperature  dependent 
in  different  ways. 

In  general,  the  following  statements  can  be  made  about  excess  noise 
in  tunnel  diodes  : 

1.  l/f  noise  is  greatest  for  most  tunnel  diodes  at  the  higher  bias 
voltages. 

2.  At  bias  voltages  near  the  valley  voltage  and  higher,  the  l/f 
noise  may  predominate  at  frequencies  as  high  as  50  Me. 

5 

Measurements  by  Van  der  Ziel  indicated  that  there  are  irregularities 
at  low  frequencies  in  the  noise  spectra  of  some  tunnel  diodes.  No  such 
irregularities  were  noted  for  the  four  samples  studied. 

C.  SHOT  NOISE  IN  TUNNEL  DIODES 

Measurements  were  made  of  the  equivalent  noise-cUrxent  generator 
in  parallel  with  four  tunnel-diode  samples  at  30  Me  and  290  K.  It  was  as¬ 
sumed  that  all  noise  measured  at  this  frequency  was  frequency  independent, 
and  that  the  thermal  noise  due  to  the  spreading  resistance  of  the  diode  was 
negligible  compared  to  the  shot  noise  over  the  bias  range  of  interest.  The 
latter  assumption  is  valid  at  frequencies  well  below  the  resistive  cut-off 
frequency  of  the  tunnel  diode  as  long  as  the  ratio  of  minimum  negative  resist¬ 
ance  to  spreading  resistance  is  much  greater  than  one.  For  the  Type  1N2941 
4.  7 -ma  diode,  this  ratio  is  55:1,  so  that  the  error  introduced  by  this  assump¬ 
tion  is  less  than  two  percent.  For  the  other  diodes,  the  error  is  consid¬ 
erably  less. 

The  current  components  L  and  I  were  calculated  for  each  diode 

by  Pucel's  method,  and,  following  Tiemann,  it  was  assumed  that  the 

equivalent  shot-noise  current  of  the  diode  should  be  given  by  Eq.  3. 

Figures  23  through  26  show  the  measured  shot-noise  equivalent  current  for 

the  four  samples  compared  to  the  value  of  I  obtained  from  Eq.  3,  the 

eq 

sum  of  I  ,  I  ,  I  ,  and  I ,  . 

JTj  ^  ©X  Q 
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For  all  diodes,  the  measured  shot-noise  equivalent  current  agrees 
very  closely  with  Eq.  3.  Such  small  differences  as  exist  could  be  caused 
by  the  following: 

1.  Some  l/f  noise  may  be  present, 

2.  At  higher  bias  voltages,  the  larger  junction  capacitance  makes 
accurate  measurement  of  noise  difficult.  The  high  measured 
vahies  of  at  the  highest  bias  voltages  may  thus  be  in  error. 

3.  In  the  positive -resistance  regions,  the  increased  value  of 
tends  to  decrease  the  accuracy  of  the  measurements. 


EQUIVALENT  SHOT-NOISE  CURRENT  Ioq  (mO) 


30 


Fig.  23  Comparison  of  Calculated  and  Measured  Equivalent  Shot -Noise 
Current  at  30  Me  and  290  K  for  Si  Tunnel  Diode  Type  1  N2929 
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Fig.  24  Comparison  of  Calculated  and  Measured  Equivalent  Shot -Noise 
Current  at  30  Me  and  290  K  for  Ge  Tunnel  Diode  Type  1  N2939 


31 


BIAS  VOLTAGE  (VOLTS) 

Fig.  25  Comparison  of  Calculated  and  Measured  Equivalent  Shot>Noise 
Current  at  30  Me  ond  290  K  for  Ge  Tunnel  Diode  Type  1  N2941 


BIAS  VOLTAGE  (VOLTS) 

Fig.  26  Comparison  of  Calculoted  and  Measured  Equivalent  Shot-Noise  Current 
at  30  Me  and  290  K  for  Ge  Tunnel  Diode  Type  1  N2969  (No.  1) 
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Th«  Joh&c  Hopkiat  Univariity 
Radiation  lAb. 

ISIS  St.  Paul  Straot 
Baltlmora  2,  Md. 


iMkkoad  Aircraft  Cerp. 
ATTN:  Mr.  F.  W.  Huamaan 
IS  I  North  Ludlow  Straat 
Dayton  Z,  Ohio 


Vf,  L.  Maxton  Corp. 
460  W.  S4th  Straat 
Naw  York.  N.  Y. 


McDoanall  Aircraft  Corp. 

P.O.  Box  516 

St.  Louia,  Miaaouri 


Tha  Martin  Elaetronka  Company 
Baltimore  S,  Md. 


Mitre  Corporation 
Library 
P.O.  Box  208 
Bedford,  Maaa. 


Motorola  Corp 
3102  North  56th  Straat 
Phoanix.  Ariaona 


K<;rtb  Amaricaa  Aviation 
Atttoattica  OivUiaa 
Attn:  Librarian 
9150  e.  ImparialHwy 
Dowaay,  CaUlornia 


Tha  Ohio  State  Univaraity 
Raaoareh  roundation 
Aatoana  Laboratory 
Attn:  Or.  T.  E.  Tice 
1314  Kinnaar  Road 
Columbua  6.  Ohio 

Philco  Corp. 

Attn:  Librarian 
4700  Wiaaahickon  Ava. 
Philadelphia  44,  Pa. 


Radio  Corporation  of  America 
Bld|.  108.1 
Mooraatown,  N.  J. 


Radio  Corporation  of  America 
RCA  Lab. 

Princeton.  New  Jaraey 


Radio  Corporation  of  America 
Miaaila  Electronic  a  and  Controla 
Woburn  Poat  Office 
Woburn,  Maaa. 


Rama.  Wooldridge 
A  Diviaion  of  Thempaen 
Ramo  Wooldridge  Inc. 
•433  PallbrookAva. 
Canofa  Park,  California 


Raythooa  Manufacturing  Co. 
Mtaalle  and  Radar  Oiv. 
Bedford,  Maaa 


Attn;  Eng, 

rnrimingd^  j  .  ,  , 

Univoraity  of  Michigan 

Willow  Run  Laboratoriea 
Ypeilanti,  Michigan 

R.pukUc  A»U,,_  _ 

Gnldni  kU..l5!“" 

JJl  J.ricke  tJ!  “V 

MlnnoU, 

Woatiaghouao  Eloctric  Corp. 

Air  Arm  Diviaion 

Attn:  Librarian 

Friondahip  International  Airport 
Baltimore  3,  Md. 

Snnlnt.  A...,, 

Attn: 

95  Cnnnl  Str,  “  l-‘>>'»ti*n 
“••H.n.p.M,. 

Wiley  Electronic  e  Co. 

2045  Weet  Cheryl  Drive 

Phoenix,  Arisona 

Sandia  Corpo>.j,.^ 

SandU  Baeo 

Albn,u.,,n., 

North  Americaa  Aviation 

Mitoile  Diviaion 

12214  Lakewood  Blvd. 

Downey,  CaliferaU 

Spnen  Elnctrn.,..  _ 

930  Alt  Wny  “* 

C1...UU  1. 

Ciannlni  Control#  Corp. 

Library 

1600  So.  Mountain  Ave, 

Duarte,  California 

Sp«try  Cyio., 

Attn; 

Cr«»t  NKk,  iT..  ,  ,  . 

N.«  y«,k 


Co, 


Stanford  Rooak..w  t  .i. 
DtvI.kM.  al  Bijni.*", '*“!*• 


u'*&^mjklini^U"*-  GOV  ERNMtJJT  AND  MILITARY 

PUiaftold.  New  J*r*  y  (continued) 


Sylvania  Eloct 

Waltham  Lab,  ^^®^'****»  Inc.  Space  Technology  Lab  Inc. 

lOO  Ftret  P-  O.  Box  95001 

Waltham,  Mae,  Angelee  45,  Calif. 

Attn:  Tech.  Information  Center 
Document  Procurement 


Technical  Raw«-,fc,  - 
2  Aerial  Way  Croup,  Inc. 

Syoaoot.  N.Y, 


Dept. 


MOO 
OkiiA.  ». 


Library 


Urboim,  tUia^* 


Uniroroity  of  Liuk*. 

Ann  A.ho.,  Gyoup 
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